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Americium is a strong contributor to the long term radiotoxicity of high activity nuclear waste. Trans-
mutation by irradiation in nuclear reactors or Accelerator Driven System (ADS, subcritical reactors
dedicated to transmutation) of long-lived nuclides like 241Am is therefore an option for the reduction of
radiotoxicity of waste packages to be stored in a repository. In order to safely burn americium in a fast
reactor or ADS, it must be incorporated in a matrix that could be metallic (CerMet target) or ceramic
(CerCer target). One of the most promising matrix to incorporate Am is molybdenum. In order to address
the issues (swelling, stability under irradiation, gas retention and release) of using Mo as matrix to
transmute Am, two irradiation experiments have been conducted recently at the High Flux Reactor (HFR)
in Petten (The Netherland) namely HELIOS and BODEX. The BODEX experiment is a separate effect test,
where the molybdenum behaviour is studied without the presence of ﬁssion products using 10B to
“produce” helium, the HELIOS experiment included a more representative fuel target with the presence
of Am and ﬁssion product. This paper covers the results of Post Irradiation Examination (PIE) of the two
irradiation experiments mentioned above where molybdenum behaviour has been deeply investigated
as possible matrix to transmute americium (CerMet fuel target). The behaviour of molybdenum looks
satisfying at operating temperature but at high temperature (above 1000 C) more investigation should
be performed.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Americium is a minor actinide that is contained in all the nu-
clear waste produced by a nuclear power plant. Moreover, ameri-
cium is one of the elements that contributes most to the
radiotoxicity of spent nuclear fuels. The transmutation of 241Am
will be in the next future the main option for the reduction of the
mass and radiotoxicity of nuclear waste. Transmutation of minor
actinides may be realized in nuclear reactors as well as in Accel-
erator Driven System (ADS, subcritical reactors dedicated to
transmutation).
A possible way to transmute Am is to incorporate it in a matrix.
The matrix could be inert (like Mo, MgO, etc…) or active (like MOX
or U). The matrix is called inert for its transparency to neutron0 October 2014, Clearwater,
ata).
r B.V. This is an open access articlereaction on the opposite active matrix can contribute to the power
produced by the nuclear reactor, generally, the inert matrix are
used in ADS where power production is not an issue. Moreover, the
objective is to ﬁssion americium trapping the ﬁssion products in
the matrix which must withstand irradiation damages. In order to
burn americium, the matrix is subject to an additional problem of
internal gas pressures, caused by a relatively large production of
helium.
Helium is produced by neutron capture of 241Am to 242Amwhich
decays via beta decay to 242Cm which in turn is a strong a-emitter.
Looking at the entire decay chain, a total of 75% of the initial 241Am
form He atoms. Due to the low solubility of He this results in a
signiﬁcant internal gas pressure which the matrix material has to
withstand.
Based on previous experience [1] [2] [3], several inert matrices
have been studied in the past: magnesium oxide (MgO), Yttria
Stabilized Zirconium (YSZ), molybdenum (Mo). Metal fuel was the
original choice in early fast reactors (EBR-I, EBR-II, Fermi-1, and
Dounreay Fast Reactor) because it is compatible with the liquidunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Table 1
Differences between americium and boron helium production.
Americium-241 Boron-10
Mechanism a-decay Cm-242 (n, a) reaction
Cross section sabs z 640 sn, az 3840 barn
Ea 6.1 MeV 1.47 MeV
After irradiation Still decay Production stops
Chemical effects Fission products Boron compounds
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margins against ceramic fuel and in particular Mo based fuel has
been largely used as fuel in Material Test Reactor (MTR). This paper
will report the results of two irradiation experiments: HELIOS [4]
and BODEX [5] looking in detail the Mo matrix which could be
considered the most promising inert matrix [3].
Both HELIOS and BODEX irradiation experiments have been
developed within the EURATOM 6th Framework Programme (FP6),
as part of the 4 year project EUROTRANS which ended in 2009. The
aim of EUROTRANS was to carry out a ﬁrst advanced design of an
experimental facility demonstrating the technical feasibility of
transmutation in an Accelerator Driven System (XT ADS), as well as
to accomplish a generic conceptual design of a modular European
Facility for Industrial Transmutation (EFIT) [6].
Knowing already that the release/trapping of helium is the main
issue for the design of the target containing americium [7,8], both
experiments had the purpose to study this effect using different
techniques.
Although both experiments contained several capsules with
different inert matrixes, this paper will focul on Mo behaviour.
BODEX used inert matrixes doped with 10B to emulate the
presence of Am and generate helium. Indeed, due to the large cross-
section of 10B for thermal neutrons, a large amount of helium can be
produced in a relative short irradiation time, providing fast insight
in the behaviour of such matrix materials. Another advantage is the
small amount of 10B needed to produce representative amounts of
helium. By using 10B it is also possible to study thematrix structural
behaviour avoiding the complex chemical interaction of a large
number of ﬁssion products, hence, separate effects due to the
presence of ﬁssion products. Additionally, the absence of ﬁssile
material greatly simpliﬁes the handling and increases the possi-
bilities in the Post Irradiation Examinations (PIE). The table below
shows themain differences between the helium produced by boron
(in BODEX) and americium (in HELIOS) reaction with neutrons.
The main objective of the HELIOS irradiation project was to
study the in pile behaviour of U free fuels and targets in order to
gain knowledge on the role of the microstructure and of the tem-
perature on the gas release and on fuel swelling.
This paperwill describe brieﬂy the experiments andwill present
the results obtained during the PIE (visual inspection, dimensional
measurement, gas release and microanalyses) with particular
emphasis to swelling, stability under irradiation, gas retention and
release, to better understand the behaviour of Mo as inert matrix
under irradiation. The main results obtained by the irradiation have
been analysed and compared. This last objective was very chal-
lenging considering that the characteristic and irradiation condi-
tion of Am-bearing fuels and Am-surrogate bearing material were
different.
2. The irradiation experiments
2.1. BODEX
The BODEX [5] irradiation experimentwas conducted in the HFR
(High Flux Reactor) in Petten (The Netherlands). It started in May
2008 and ﬁnished after 3 cycles (57 full power days) in July 2008.
The BODEX irradiation experiment contained six pins of inert
matrixes doped with 10B, two of them were containing Mo inert
matrix and were irradiated at 800 C and 1200 C respectively
(operating temperatures).
The pellets consisted of a molybdenum matrix, mixed with
molybdenum boride, Mo2B. In order to differentiate between He-
induced changes of the inert matrix, changes caused by the
chemical inﬂuence of the B-compound and changes by irradiation
damage, the inert matrixes were doped with: 1.5 mmol cm3 10B in the matrix (6 pellets);
 1.5 mmol cm3 11B in the matrix (2 pellets);
 No B-dopant in the matrix (2 pellets).
The amount of boron adopted in the pellets has been calculated
in order to have a sufﬁcient generation of helium in a relatively
short irradiation time.
The particle distribution of the Mo2B in the Mo matrix is also
more or less homogenous, the size of theMo2B particles varies from
0.4 to 5 mm. Porosity of the matrix is less than 2% and the pore size
is also in the range of 0.4e5 mm.
All pellets irradiated had an equal height and diameter
(5  5 mm). After sintering, the dimensions and properties of the
pellets were measured. The density of the pellets was measured in
two ways; geometrically and by helium-pycnometry, see Table 2.
The experiment was irradiated in the Pool Side Facilities (PSF) of
the HFR. The PSF is a facility next to the core, which allows moving
the experiment from and to the core, controlling the neutron ﬂux
and temperature during irradiation.
The temperature in the experiment was also controlled chang-
ing gas mixture (helium and neon) in the gas gap between the
capsule, shroud and containment tube and it was maintained
constant during the whole irradiation.
Formonitoring the required parameters, one of the two capsules
containing Mo was connected to a pressure transducers and each
capsule had two dedicated thermocouples, positioned as close as
possible to the capsules, to measure the temperature during irra-
diation. Additionally, ﬂuence-monitoring sets were embedded in
the shroud surrounding the capsules for neutron dosimetry.
Each capsule contained 5 pellets, kept apart by 6 spacers for
positioning the pellets and increased heating purposes. Three pel-
lets were doped with a 10B-compound, one pellet was doped with
an 11B-compound and one pellet consists of the molybdenum only.
The volume surrounding the pellets and spacers was ﬁlled with
neon gas to keep a clear distinction between ﬁlling gas and the
helium produced by irradiation.
The ﬂuence of each capsule was determined by using activation
monitor sets. These monitor sets consist of different metal wire
pieces that have an activation reaction at a speciﬁc energy range.
The different activation energies are chosen in such a way that the
spectrum can be reconstructed. In BODEX, each capsule contained a
ﬂux monitor set on the ‘back side’ (as seen from the core) and one
on the front side, positioned at the central height of the capsules.
Additionally, one detector was placed at the top and one at the
bottom, resulting in a total of 6 monitor sets per leg. The ﬂuence in
each capsule was determined as the average between the two ﬂux
monitor located in each capsule. The sets have been analysed by
determining the activation of each wire piece, which indicates the
ﬂuence of a speciﬁc energy range. Table 3 show the values of the
ﬂuences for the two capsules containing molybdenum.
The reconstructed quantitative spectrum is used as input to
determine the burn up of boron due to the 10B(n, a)7Li reaction.
With this spectrum the burn-up is determined with the code FIS-
PACT [9].
The difference on the boron burn up between the two legs is due
Table 2
Fuel and targets irradiated in the BODEX experiment.
Composition Theoretical density Measured density
Geometric density He-pycnometic
Mo 10.20 g cm3 9.34 g cm3 (92% TD) 9.67 g cm3 (95% TD)
Mo(10)Mo2B 10.17 g cm3 9.45 g cm3 (92% TD) 9.63 g cm3 (94% TD)
Mo(11)Mo2B 10.17 g cm3 9.40 g cm3 (92% TD) 9.62 g cm3 (94% TD)
Table 3
Measured ﬂuence and calculated boron Burn up for each capsule.
10B Burnup % En < 0.625eV [n/m2] 5.53 KeV > En > 0.625eV [n/m2] 0.82 MeV > En > 5.53 KeV [n/m2] 19.6 MeV > En > 0.82 KeV [n/m2]
Cold capsule 800C 65.8 3.34e24 1.955e24 1.64e24 2.34e24
Hot capsule 1200C 62.1 3.045e24 2.105e24 2.065e24 1.52e24
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different structural material used in the two legs (molybdenum for
the cold leg and tungsten for the warm leg). The higher burn-up in
the cold leg can be explained with the fact that 10B has a higher
cross-section for the 10B(n, a)7Li reaction at lower energies.
In the analysis of the ﬂuence detectors, a possible ﬂux dip inside
the capsules was not taken into account. The structural material of
the capsules may have shielded neutrons as well as locally the
spacer discs may have had a shielding and moderating effect. This
could have created a local ‘dip’ in the ﬂux proﬁle, resulting in a
somewhat lower burn-up than calculated.2.2. HELIOS
The HELIOS [4] irradiation experiment was also conducted in
the HFR (High Flux Reactor) in Petten (The Netherlands). It started
in April 2009 and ﬁnished after 9 cycles (241 full power days) in
February 2011. The HELIOS irradiation experiment contained ﬁve
pins of inert matrixes containing Am, two of themwere containing
Mo inert matrix irradiated at 500 C and 1200 C (operating
temperatures).
An overall view of the fuel/targets irradiated in the HELIOS
experiment is given in Table 4.
In summary:
 Pin No. 4 (HELIOS 4) contained Zr0.666Y0.111Am0.223O 2-x (28.65%
vol) þ molybdenum (71.35% vol) density 9.396 g cm3, the
operating temperature of such a pin was of 500 C.
 Pin No. 5 (HELIOS 5): contained Pu0.801Am0.199O2-x (15.77%
vol) þ molybdenum (84.23 %vol) density 10.405 g cm3, this
target has a similar composition as pin 4 with a complementary
addition of plutonium in the solid solution and the elimination
of zirconium and yttrium. The plutonium has been added to
reach higher temperature than in pin 4. The operating temper-
ature of pin 5 was 1200 C.
The microstructure of the pellets for both pin was similar and
dictated by manufacturing reasons.Table 4
Fuel and targets to be irradiated in the HELIOS experiment.
Composition Grain size Average dimension DxH [m
(Zr,Am,Y)O2þMo 65e125 mm 5.42  5.41
(Pu,Am)O2þMo <150 mm 5.39  6.95The total porosity of the pellets in both pins was similar and
distributed between 6 and 3%.
Although the Am content in both pins was different because one
of the purpose of the experiment was to compare pin 4 (a CerMet
pin) with pin 1 (a CerCer pin), the amount of Am in both pins has
been sufﬁcient to assure enough helium production at the end of
the irradiation to be able to study gas retention/release and
swelling. The reason of the presence of Y and Zr in pin 4 was again
to compare it with another pin (pin 2) irradiated in HELIOS.
Previous studies [10] have shown a clear inﬂuence of the tem-
perature in gas retention and swelling of pellets containing amer-
icium, showing an apparent transition temperature (in term of
behaviour) around 700e1000 C. Therefore, the irradiation tem-
peratures of the pins have been chosen on the base of previous
experience in order to clear distinguish between the two
behaviours.
The HELIOS [4] irradiation was carried out in two channels of a
standard rig in an in-core position. The pins, made of 15-15 Ti steel,
were contained in a sample holder.
The pins were immersed in a sodium bath for enhanced thermal
heat transfer.
The operating temperature of the two pins where kept constant
all over the duration of the irradiation controlling the temperature
of the experiment changing the gas mixture (helium/neon) in the
gap between the sample holder and the channel of the rig. To have
an uniform neutronic ﬂux the orientation of the experiment has
been changed every cycle.
In order to monitor the temperature of the experiment several
type K thermocouples were located close to the pins.
Located near each pin a ﬂuence monitor set (as the one used for
BODEX and described in the previous chapter) was included to
determine the actual received ﬂuence of each fuel stack. The total
sets are used to reconstruct the received ﬂuence over the total
energy spectrum.
The ﬁnal assessment of the burnup has been calculated with
FISPACT (see Table 5). Due to the content of plutonium, pin 5
reached signiﬁcant higher burn-up. However, to shielding effects,
the amount of americium decreased less in pin 5.m] %Pellet TD measured As-fabricated density [g
cm3]
241Am Pu-tot
94.1 0.7 e
96 0.3 1.2
Table 5
Measured ﬂuence and calculated burnup of each pin.
Burnup (FIMA)% En < 0.625eV [n/m2] 5.53 KeV > En > 0.625eV [n/m2] 0.82 MeV > En > 5.53 KeV [n/m2] 19.6 MeV > En > 0.82 KeV [n/m2]
Pin 4500 C 4.64 1.24e25 2.43e25 3.25e25 2.20e25
Pin 5e 1200 C 19.97 8.10e24 1.70e25 2.17e25 1.65e25
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3.1. Visual inspection
3.1.1. BODEX
Visual inspection was performed to address the inﬂuence of the
neutron radiation on the outside structure. All pellets were pho-
tographed, both before and after irradiation. For somematerials the
pictures clearly show the effect of the helium production on the
matrix and the difference between the two irradiation tempera-
tures. Others are visually identical.
The samples without boron irradiated at 800 C show little to no
damage to the matrix. No cracks are visible and spots that were
visible before irradiation are still present after irradiation. The same
applies for the pellets doped with 11B as far as damage to thematrix
concerns, but there are some colour changes visible to the pellets.
Signiﬁcantly more damage is clearly visible on the 10B doped
pellets. Some disc cracks are visible on the pellets as can be seen in
Fig. 1. These cracks can be seen on all the 10B pellets at approxi-
mately 0.5e1 mm from the edge on one side. The locations of the
cracks are due to weakness regions of the pellets created during
fabrication. This is conﬁrmed by the fact that some pellets came out
broken after pressing them during manufacturing, at approxi-
mately the same location. All molybdenum samples were stable
during the entire PIE process; no extra damages were noted.
Both samples without 10B irradiated at 1200 C are also intact
after irradiation. No cracks are visible but colour changes are clearly
visible. The sample doped with 11B showed a dark brown colour
before irradiation, which completely disappeared after irradiation
when all pellets have turned grey. It might indicates a chemical
effect due to the boron or some other unknown reasons; The 10BFig. 1. BODEX samples, isamples irradiated at 1200 C even show signiﬁcantly more cracks
than the pellets irradiated at 800 C, as can be seen comparing
Figs. 1 and 2. Both axial and radial cracks can be seen at higher
temperature.3.1.2. HELIOS
The visual inspection of the pins was performed in the Hot Cell
Lab at NRG with a disposable webcam. Lighting was provided by an
external light.
All pins were examined visually to see if clear damage to the
cladding could be seen. Small scratches can be seen at some pins
due to handling, but no serious failure has been found in any of the
pins. Pin 4 (see Fig. 3) shows a black corroded area from 18.5 to
24.5 cm, the location of the fuel stack.
Pin 5 (see Fig. 4) shows a pattern at the location of the fuel stack,
which is located from 24 to 30 cm. The clear pattern is most likely
caused by the high temperatures reached during irradiation.
Optical microscopy on pin 4 shows the matrix in very good
condition (no cracks) after irradiation (see Fig. 5), with a signiﬁcant
gap between pellet and cladding. During sample preparation the
cladding and pellet slice were most likely rotated, so the alignment
is not as it was during irradiation. An overview cross-section image
of pin 4 before and after irradiation is shown in Fig. 5.
The fuel particles are still ﬁxed in the matrix, with only an in-
crease in porosity within the kernels. Some voids are visible be-
tween the fuel particles and the matrix, although not obvious
whether this originates from fabrication or from irradiation effect.
Also the cladding is in good shape. No signs of mechanical or
chemical interaction were observed.
The irradiation effects are much more signiﬁcant in pin 5 (see
Fig. 5), although the fuel particles are still well contained by therradiated at 800 C.
Fig. 2. BODEX samples, irradiated at 1200 C.
Fig. 3. Visual inspection of pin 4.
Fig. 4. Visual inspection of pin 5.
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On close up images (see Fig. 6) a signiﬁcant porosity formation is
visible inside the fuel particles. Also at the fuel-matrix interface a
gap of ~10 mm is observed. Porosity in the Mo matrix is observed
predominantly in vicinity of the fuel particle. Smaller pores are
homogeneously distributed all over the matrix.
A very clear corrosion layer of ~60 mm is seen at the inner surface
of the cladding(see Fig. 6d). The outer surface of the cladding ap-
pears to be clean, at least in the optical images.
3.2. Dimensional measurement
3.2.1. BODEX
Swelling behaviour is assessed in BODEX by measuring theheight and diameter (with a measuring uncertainty of 1.2 mm) of all
samples, before and after the irradiation. The samples doped with
10B have clearly a different geometric swelling compared with the
samples without 10B (see Fig. 7). Small but consistent differences
are visible between the samples irradiated at 800 C. The increase
of the diameter of the 10B samples is between 0.5 and 1%, while the
axial length is unchanged. The samples without 10Bwere practically
unchanged in diameter and are even decreased in height.
Much larger swelling can be seen in the samples from the warm
leg. The samples without 10B show identical behaviour but the 10B
doped samples have swelled quite signiﬁcantly. In the samples
irradiated at 1200 C, the height has increased more than 2% and
the diameters over 3%.
The swelling for all samples is slightly anisotropic since the
Fig. 5. Images of pellets in pin 4 and 5 before irradiation and after irradiation (optical microscopy).
Fig. 6. Details of pin 5.
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Next to these geometric measurements the absolute volume is
determined by helium pycnometry. By comparing the geometricand pycnometric volume, the open porosity can be determined.
Fig. 8 shows the change in porosity. The reference samples all
show a decrease in porosity varying from 1 to 2.5%. This is not the
Fig. 7. Relative change due to irradiation in diameter and height of molybdenum
samples.
Fig. 9. Proﬁlometry measurement of fuel pin 4. The dotted lines indicate the position
of the fuel stack.
E. D'Agata et al. / Journal of Nuclear Materials 465 (2015) 820e834826case for the 10B doped samples which in the case of the porosity of
the samples in the cold leg remained stable, and the porosity of the
samples in the warm leg showed a large increase. Note that there
are no data for the third pellet contained 10B (B-10 (3)) since it has
not been weighted after irradiation.3.2.2. HELIOS
Diameters of the capsules after irradiation were measured with
an in-cell scanning bank available in the NRG Hot Cell Laboratories.
After calibration, sensors measure the diameter with a resolution of
1 mm.
Both pins show a clear swelling at the location of the fuel stack,
but it is not limited to the location of the fuel stack only. The
nominal cladding diameter is 6.560 mm.
Pin 4, due to its position at the centre of the axial ﬂux, has a very
symmetrical proﬁle (see Fig. 9). It has an average diameter of
6.586 mm, indicating a 26 mm swelling of the cladding, or 0.4%.
In pin 5 the pellets can easily be identiﬁed. The fuel pellets haveFig. 8. Open porosity before and after irradiation for the molybdenum samples.probably swelled with the characteristic hourglass shape. It can be
concluded from the fact that there are 9 pellets in the stack, and 10
peaks visible, one for each hourglass edge (see Fig. 10). The peak
between 0 and 20 mm is an artefact and it is due to the presence of
the welding of the plug of the pin. The peaks vary from 6.583 to
6.610, indicating 23e50 mm swelling. The averaged swelling how-
ever is relatively small compared to the other fuels stacks due to the
low swelling in the middle of the pellets. It is also plausible that the
cladding was more ductile due to the high temperature which in
combination with the high swelling caused the measured proﬁle.
A gamma scans of the pins have been conducted to establish the
location of the fuel and fuel stack elongation. Although it does not
have the same resolution as the proﬁlometry measurements it
gives also an indication on the exact position of the fuel pellets.
Pin 4 had no change in length and pin 5 showed a 5.2% increase.
The behaviour of the molybdenummatrix is consistent with the
BODEX experiment where the helium at high temperature is
released from the matrix and causes bubble formation and signif-
icant larger swelling.
3.3. Gas release
3.3.1. BODEX
The gas pressure in the warm capsule was measured online. TheFig. 10. Proﬁlometry measurement of fuel pin 5. The dotted lines indicate the position
of the fuel stack.
Table 6
Analysis of the release fractions at the end of irradiation.
Parameter Units Pin 4 Pin 5
He measured (from pellet) mol 2,81E-05 9,40E-05
Kr measured mol 6,05E-07 2,57E-05
Xe measured mol 9,25E-06 4,07E-04
total pellet volume cm3 1,37 1,43
He total (FISPACT, EOI) mol 5,34E-04 1,51E-04
He total (FISPACT, PIE) mol 1,13E-03 3,28E-04
Kr total (FISPACT, PIE) mol 2,42E-06 2,89E-05
Xe total (FISPACT, PIE) mol 4,88E-05 5,11E-04
He ﬁss. released fraction (EOI) % 5.3% 62.06%
He ﬁss. released fraction (PIE) % 2.5% 28.66%
Kr released fraction (PIE) % 25% 89.2%
Xe released fraction (PIE) % 18% 79.6%
Released fraction % 3.20% 60.71%
Released fraction (EOI) % 6.49% 76.21%
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wasmeasured. Unfortunately, due to failure of the containment, the
gas release of the low temperature capsule could not be measured.
Fig. 11 shows the graph of the released fraction of helium
measured on-line from the capsules in BODEX where the pressure
transducer was present.
It was calculated that the helium fraction released from the
pellet material is 9 ± 1% for molybdenum.
Based on the burnup calculations using MCNP [11] combined
with FISPACT code, the amount of produced helium was calculated
to be 0.276 mmol and 0.261 mmol respectively for low and high
temperature sample.
3.3.2. HELIOS
The gas release of the HELIOS pins was examined by puncturing
the rodlets and measuring the pressure and composition of the
released gas. The pressure build up in the plenum due to release of
the ﬁssion gasses is measured in all capsules and it is correlated
with the irradiation temperature. The highest pressure, 16.8 bar
was measured in the hottest pin, pin 5.
In the presented results, the contribution of the original ﬁlling
with helium is already subtracted. It can be seen that in pin 4 the
main contribution ofmeasured gas is heliumwhile in pin 5 is xenon.
Elemental analysis of the plenum gas is summarized in Table 6
where the amounts of ﬁssion gasses calculated with FISPACT are
presented, those are compared with the amounts of gas released in
the plenum and, from that the corresponding released fractions are
calculated. The released fractions for helium, krypton and xenon
are also shown in Table 6. High uncertainties in the Kr released
fractions are due to the very small absolute amounts of the
measured krypton. The FISPACT calculations are performed up to
the time of the PIE, including the cooling period. It should be noted
that the release of helium produced during the cooling period can
be suppressed. Indeed, it was produced at low temperature (during
cooldown). Therefore, the helium amount are measured during PIE
and calculated at the End Of Irradiation (EOI).
3.4. Microanalyses
3.4.1. BODEX
Boron could not be detected with wavelength dispersiveFig. 11. Determined helium release from the Mo capsules irradiated at 1200 C
normalized to the amount of helium produced in the pellets calculated with the MCNP
code.spectroscopy so the SEM measurements are limited to secondary
electron imaging (SEI). The images below (Figs. 12 and 13), show
different part of the pellets containing 10B irradiated at different
temperature 800 and 1200 C.
The bubble distribution shows relatively small pores. The ma-
jority of the pores are below 1micron, with some larger pores up to
5 micron. Looking Fig. 13, it seems that at lower temperature there
are larger pores than at higher temperature. Anyway, Fig. 12 shows
bigger crack for the pellets irradiated at 1200 C.3.4.2. HELIOS
The irradiated HELIOS samples are examined by a SEM. The SEM
is also equipped with EDS and WDS.
Fig. 14 contain a number of detailed images of Pin 4. It is visible
that the fuel particles (lighter colour) contain high density of
bubbles (see Fig. 14b and c). The bubbles in the Mo matrix are
located in the vicinity of the fuel particles, approximately within
the maximum stopping range of 6.1 MeV a-particles in Mo (from a-
decay of 242Cm) which is about 18 mm (simulated by the program of
the stopping and range of ions in matter SRIM). In some instances
(see Fig. 14c) open volume is formed at the interface between the
fuel particle and the matrix. The gap between the fuel and the
cladding is 90e100 mm.
The bubble distribution shows relatively small pores. The ma-
jority of the pores have a size below 4 micron, with some larger
pores up to 8 micron (see Fig. 14c and d).
In Fig. 15a three fuel particles are shown in SEI image with
different density of voids. The same picture is used to map the
contents of different elements. In the maps, a qualitative amount of
the element is depicted by lighter grey. On the image of Am map-
ping (see Fig. 15b) it is clearly seen that the low concentration of
voids corresponds to low concentration of Am. For Oxygen no
signiﬁcant variation per particle is observed. WDS images for Cs
and Ba (not shown) are close to the sensitivity level and apparently
present a noise homogenously distributed all over the specimen.
The WDS mapping for the pellet e cladding interface in shown
in Fig.16. The gap between the pellet and cladding at this location is
~86 mm, which is in agreement with the optical microscopy ob-
servations. Am is measured only inside the fuel particles. Oxygen is
measured in the fuel particles and at the inner surface of the
cladding (see Fig. 16c). The oxide layer is 2e2.5 mm.
For the SEM sample there is a limit of 2 mSv/h contact dose. To
meet this requirement the sample of pin 5 (warm sample) was
reduced in size taking only a fraction of a quadrant of the pellet. An
overview of the specimen is shown in Fig. 17. In linewith the optical
microscopy observations, high porosity is present both in the fuel
particles and in the Mo matrix. The density of the pores in the
Fig. 12. SEM images of the Centre of the 10B pellets irradiated at 800 C (left) and 1200 C (right).
Fig. 13. SEM images of the midway of the 10B pellets irradiated at 800 C (left) and 1200 C (right).
Fig. 14. Overview of pin 4 sample.
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Fig. 15. Mappings in the center of the pellet.
Fig. 16. Mappings on pellet-cladding interface.
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Fig. 17. Overview of sample of pin 5. Only a fraction of a quadrant of the pellets has been analysed (Pellet radius z 2.825 mm).
E. D'Agata et al. / Journal of Nuclear Materials 465 (2015) 820e834830matrix is signiﬁcantly higher in the vicinity of the fuel particles (see
Fig. 18c and e). At the particleematrix interface, wide gaps are
formed. For an averaged particle of 100 mm size the gap can be up to
10 mm. In some instances the particle appears to be almost loose
from the matrix (see Fig. 18). The gap between the pellets and theFig. 18. Pin 5 Scladding appear to be closed (see Fig. 18b and d) and a corrosion
layer, in the cladding region, is clearly distinguishable.
Using the ImagePro software the size of the pores (bubbles or
cavities) inside the fuel particles was calculated. The results of the
analysis are presented in Fig. 19 which show the normalized poresEI details.
Fig. 19. The normalized pore size distributions measured in Pin 4 and Pin 5 being
compared.
E. D'Agata et al. / Journal of Nuclear Materials 465 (2015) 820e834 831size distributions measured in Pin 4 (cold sample) and Pin 5 (warm
sample).
Pin 5, the warmer pin, has a bigger diameter of the pores.
The WDS mapping on the specimen from pin 5 has been per-
formed in two locations as shown in Fig. 20: Location-1 close to the
centre of the pellet, Location-2 at the interface pellet-cladding.
Mapping results obtained in Location-1 are shown in Fig. 21. It is
seen that Am, Pu and O are located at the fuel particle, and at
dispersed fuel dust in vicinity of the particle, which is apparently
incorporated in the Mo matrix during fabrication. Ba and Cs signals
(not shown in Fig. 21) are more evenly distributed, with some
preference in the fuel particle, at the boundary of the particle, and
at few locations at the fuel dust close to the particle.
Mapping results obtained at Location-2 are shown in Fig. 22. The
Am, Pu and O signals are clearly located at the fuel particle and at
the fuel dust. The dust has somewhat higher density at the pellet
surface facing the cladding. High Oxygen signal is also present at
the inner surface of the cladding suggesting that oxidation took
place. Also traces of Ba and Cs are observed both, inside the particle
and at the inner surface of the cladding.4. Results and discussion
To compare the behaviour of molybdenum observed duringFig. 20. Locations of thboth irradiations is not very easy because of different kinds of PIE,
different materials and different irradiation conditions. Therefore, a
table (see Table 7) to summarise the behaviour of molybdenum
matrix for both experiments containing key values from the two
irradiations, has been prepared.
Although the burnup (FIMA) was higher in HELIOS pin 5 due to
the content of Pu, the americium transmuted and consequently the
helium produced (at higher temperature) was less than in pin 4 (at
lower temperature). The amount of generated helium in BODEX
and HELIOS was of the same order of magnitude although the
irradiation time in BODEX was considerably less (57 against 241
days). Clearly, the swelling of the pellet is not directly related to the
amount of helium produced (or certainly it is not the main factor).
Nothing can be said about the inﬂuence of initial porosity on the
swelling since both in HELIOS and BODEX we had a comparable
porosity at the beginning of the irradiations. Actually, in BODEX, it
is only available data on total porosity (closed þ open). Looking
only at the data of HELIOS, with a similar initial open porosity we
end up with a huge difference in He release. Nevertheless, in both
experiments, the porosity of the samples increased during the
irradiation much more for the sample exposed to higher temper-
ature disregarding the fact that the amount of gas generated
(He þ Fission Products) at high and low temperature for both
experiment was of the same order of magnitude. The main
parameter which seems to govern the swelling in molybdenum
looks to be the temperature.
A hypothesis on the behaviour of the swelling of BODEX (higher
at high temperature and much lower at low temperature) is pre-
sented in the PhD thesis of O. Runevall [12]. Summarising, the
conclusions of the thesis are:
 The higher swelling at high temperature can be explained by the
stabilise action of bubbles in the presence of helium. At lower
temperature helium stabilises in smaller vacancy clusters
whereas larger ones are unstable.
 At lower temperature we have an incubation time of swelling
due to the formation of small clusters which reduces the growth
rate.
 Therefore, based on Runevall, there should be an incubation
time and if the BODEX irradiationwould have had continued, an
increased swelling would have been observed also at lower
temperature.
This last point cannot be conﬁrmed with the HELIOS irradiation.
Even if the duration of HELIOS was much longer than the duration
of BODEX (241 against 57 EFPD) no swelling at low temperature has
been observed. It is also true that other parameters can have played
a role on the swelling of the molybdenum samples like thee WDS mapping.
Fig. 21. Mapping results of the specimen from pin 5 performed in Location-1.
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zirconium or the presence of ﬁssion product together with helium.
What was very surprising is the high release of helium at high
temperature in HELIOS compared with BODEX. But, again, the
presence of ﬁssion product, duration of the irradiation, composition
and different microstructure of the fuel target may have played a
different role.
In BODEX the release of gas could be monitored on line with the
pressure transducer mounted in the warm leg (see Fig. 11). The
relative increase of the released fractions at the beginning of irra-
diation could be explained by little trapping inside the pellets. As
the build up of irradiation induced defects, e.g. helium bubbles, the
release fractions decreased. After about 30 days of irradiation, the
trapping inside the pellets saturates and the released fractions
reach steady-state values. This explanation is in line with the the-
ory of Runevall.
In BODEX, the pellets after irradiation exhibited only minor
visible damages. They did not get stuck in the cladding but showed
some cracks. In HELIOS, in the case of pin 4, the cladding was in
good shape with no signs of mechanical or strong chemical inter-
action, and a remaining gap between the pellet and cladding of
90e100 mmwas observed. The oxide layer on the cladding in pin 4
measured by WDS imaging was only 2e2.5 mm. Only in pin 5, the
swelling of the fuel matrix caused a closure of the gap between
pellet and cladding, and chemical interaction caused a corrosion
layer of approximately 60 mm. Moreover, in HELIOS, both Mo
matrices (warm and cold) contained high density of bubbles. The
bubbles in the Mo matrix were located in the vicinity of the fuel
particles, approximately within the maximum stopping range of
6.1 MeV a-particles in Mo which is about 18 mm. In some instances,
open volume was formed at the interface between the fuel particleand the matrix. The gap between the particle and the matrix of an
average particle size of 100 mm could be up to 10 mm. The irradia-
tion effects were much more signiﬁcant in pin 5, although the fuel
particles were still well contained in the matrix.
At higher temperature, both in BODEX and in HELIOS, the
observed pore densities and pore sizes were higher.
The WDS mapping performed for HELIOS showed that in pin 5
Am, Pu and O were located at the fuel particle. In pin 4 some
variation in Am concentration per particle was observed but the
higher Am concentrationwaswell correlatedwith higher density of
the pores. In pin 5, ﬁne dust incorporated in the Mo matrix close to
fuel particles was observed. The dust was apparently introduced
during fabrication and/or assembly. In pin 5, rather than in pin 4, a
clear O signal, and some traces of Ba and Cs were observed at the
inner surface of the cladding probably due to the higher amount of
ﬁssion products generated in pin 5.5. Conclusion
Molybdenum showed low swelling and ﬁssion gas release as
well as a good mechanical behaviour at the lower temperatures,
which is around a possible operation temperature. At higher tem-
peratures however, more signiﬁcant swelling and crack formation
has been observed. This would require further investigation to
determine the behaviour of such a kind of matrix during accidental
conditions.
The use of boron to simulate the generation of helium, typical
for minor actinide irradiation, has some advantages. The absence of
ﬁssion products which creates a good way to study the swelling
behaviour of the molybdenum matrix is the main advantage.
Indeed, the absence of ﬁssion products greatly simpliﬁes the PIE
Fig. 22. Mapping results of the specimen from pin 5 performed in Location-2.
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release. Nevertheless, it is clear from the results presented in
chapter 4 that the behaviour of molybdenum in BODEX and HELIOS
was not consistent: for example, the difference in gas releaseTable 7
Comparative table of the irradiations BODEX and HELIOS.
Material Burnup Axial
swelling
Initial poros
BODEX
(57
EFPD)
Low T
(800 C)
Moþ10B 65.8% 0% 2% (total)
High T
(1200 C)
Moþ10B 62.1% 2% 2% (total)
HELIOS
(241
EFPD)
Low T
(500 C)
(Zr,Am,Y)
O2þMo
FIMA 4.64% Am
Transmuted ¼ 0.786 [mmol
cm3]
0% 0.59e1.01%
4.71e5.09%
High
T(1200 C)
(Pu,Am)
O2þMo
FIMA 19.97% Am
Transmuted ¼ 0.208 [mmol
cm3]
5.2% 0.69e0.74%
2.91e4.76%behaviour at high temperature in both experiments was very
different, and the length of the irradiations might have played a
signiﬁcant role. It can be debated that the different alpha energies
are probably the most signiﬁcant differences for chemicality He
generated
He
released
Observed defect
0.276 mmol N/A Radial crack
0.261 mmol 9% Axial þ radial crack
(open)
(closed)
0.534 mmol 5.3% Good condition
(open)
(closed)
0.151 mmol 62.06% Pellets were Stuck in the cladding. High swelling.
Pellets assumed hourglass proﬁles.
E. D'Agata et al. / Journal of Nuclear Materials 465 (2015) 820e834834behaviour and microscopic damage of the matrix (see Table 1). The
bubble of He formed by the reaction of 10B with neutrons compared
with the a particles of the Am reaction chain are closer to the po-
sition of the dispersed boron particles due to the fact that the en-
ergy of the He particles is lower than the energy of the a particles
coming from the Am reaction chain.
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